The homeobox gene Otx2 is expressed during gastrulation in the anterior domain of the vertebrate embryo and is involved in neural and head induction during Xenopus early development. It also prevents convergent extension movements in trunk and posterior mesoderm. Insulin-like growth factors (IGFs) were shown to have similar function. However, whether they interact and the mechanism by which they affect convergent extension remain unclear. We show that IGF pathway specifically induces the expression of Otx2 in the early gastrula and blocks convergent extension of neuroectoderm and mesoderm through the transcriptional activation of Otx2 gene. Otx2 represses the expression of Xbra and Xwnt-11, and the effects of IGF on gastrulation movements can be partially rescued by antisense Otx2 morpholino oligonucleotide. These indicate that IGF pathway interacts with Otx2 to restrict Xbra and Xwnt-11 expression in the trunk and posterior regions. Consistent with this, we show that inhibition of IGF signaling or Otx2 function induces Xbra and Xwnt11 expression and convergent extension in ectodermal cells. Furthermore, the blockade of convergent extension by IGF-I and Otx2 can be rescued by coexpression of Xwnt-11 or a constitutively active Jun N-terminal kinase (JNK). Because Xbra and Xwnt-11 are required for convergent extension movements and Xwnt-11 activates the non-canonical Wnt-11/JNK pathway, our results reveal a mutually exclusive function between IGF and Wnt-11/JNK pathways in regulating cell behaviours during vertebrate head and trunk development. q
Introduction
Morphogenetic movements of gastrulation, which establish the vertebrate body plan, involve the coordinated activities of different cell populations. In Xenopus, convergent extension movements, which result from mediolateral intercalation of deep cells in the dorsal marginal zone (DMZ), constitute the main cellular mechanism that influences cell shape and polarity during gastrulation (reviewed by Keller et al., 2000; Myers et al., 2002) . Cell intercalation causes the asymmetric movements of the DMZ cells towards the dorsal midline . As a result, the region located just above the dorsal blastoporal lip moves inside the embryo to differentiate into axial and paraxial mesoderm, while the region closer to the animal pole remains external to form neural tissue and epidermis. Involuted cells continue mediolateral intercalation allowing the elongation of axial and paraxial mesoderm along anteroposterior axis and blastopore closure. Mediolateral intercalation results from coordinated regulation of the protrusing motility behaviours of the DMZ cells Wacker et al., 1998) . These processes are not established prior to gastrulation but reflect organizing events at gastrula stages (Domingo and Keller, 1995) . The neural plate of presumptive hindbrain and spinal cord region also undergoes convergent extension contributing to the elongation of embryonic axis ).
An important insight into the signaling events underlying these processes has been the demonstration that the non-canonical Wnt pathway is involved in the regulation of convergent extension. In particular, Xwnt-11 signaling through membrane receptors of the frizzled family and the cytoplasmic protein dishevelled (Dsh) regulates cell movements during gastrulation (Sokol, 1996; Tada and Smith, 2000; Djiane et al., 2000; Medina et al., 2000; Heisenberg et al., 2000; Wallingford et al., 2000 ; reviewed by Smith et al., 2000; Kuhl, 2002; Shi, 2003) . It likely functions through the activation of the small GTPases of the Rho family and Jun N-terminal kinase (JNK) cascade. Consistent with this, other components that interact with or are downstream of Dsh have been recently identified. These include the vertebrate homologue of Drosophila Naked Cuticle, Strabismus/Van Gogh, Rho/ Cdc42 kinase and Daam1 (Yan et al., 2001; Habas et al., 2001 Habas et al., , 2003 Park and Moon, 2002; Darken et al., 2002; Marlow et al., 2002; Choi and Han, 2002; Yamanaka et al., 2002) . Xenopus frizzled 7 also activates protein kinase C (PKC) through trimeric G proteins, but not Dsh. This plays a role in cell adhesion and tissue separation (Winklbauer et al., 2001) . These studies reveal a similarity between vertebrate non-canonical Wnt pathway and the Drosophilia planar polarity pathway, and suggest an important role of this pathway in the regulation of gastrulation movements. In Xenopus embryo, convergent extension movements concern only trunk and posterior regions, while head mesoderm cells undergo directed migration that also contributes to the elongation of dorsal mesoderm (Winklbauer and Nagel, 1991; Davidson et al., 2002) . Recent studies indicate that convergent extension movements are essential for trunk and posterior development and for the elongation of anteroposterior axis in vertebrates. The non-canonical Wnt pathway is required for convergent extension during vertebrate gastrulation. In particular, loss-of-function of Wnt-11 in Xenopus and zebrafish disrupts convergent extension movements, these embryos exhibit shortened anteroposterior axis but with normal head Heisenberg et al., 2000) . This indicates that head region does not undergo convergent extension movements like trunk and posterior regions, and should lack a functional Wnt-11 signaling pathway. Indeed, it has been suggested that convergent extension is inhibited in the head region by the homeoprotein Otx2 (Andreazzoli et al., 1997; Morgan et al., 1999) . During head development, Otx2 has two functions that may be, to a certain degree, genetically distinct (Morgan et al., 1999) . First, Otx2 is expressed in the most anterior region fated to form the forebrain and can induce the anterior neuroectoderm marker XCG-1 (Pannese et al., 1995; Blitz and Cho, 1995; Gammill and Sive, 1997) . The second function of Otx2 is to prevent cells that express it from undergoing convergent extension movements because overexpression of Otx2 inhibits these movements and turns a tail organizer into a head organizer (Andreazzoli et al., 1997) . This function could be, at least to a degree, mediated by the direct activation of calponin, an actin-binding protein that can inhibit the Mg-ATPase activity of myosin (Morgan et al., 1999) . Therefore, the function of Otx2 in head development may involve both activating and repressing activities. More recently, it has been shown that IGF pathway was involved in neural induction and head development. The three IGFs (IGF-I, IGF-II and IGF-III) were all able to induce anterior neuroectoderm markers and to promote the formation of ectopic anterior structures by inhibition of Wnt/ß-catenin and BMP signaling (Pera et al., 2001 (Pera et al., , 2003 RichardParpaillon et al., 2002) . In addition, IGF signaling was shown to block convergent extension in activin-induced ectoderm explants (Richard-Parpaillon et al., 2002) .
Despite the parallel between Otx2 and IGF pathway in head induction and gastrulation movements, it remains true that little is known about how they interact and the early molecular events of how they exert these effects. Thus, it is of interest to identify the regulatory cascade between different genes or pathways that produce the same effects or are expressed at the same region of the embryo. In addition, the mechanism by which the non-canonical Wnt-11/JNK signaling is repressed in the head region is not clear. In this study, we report the finding that IGF pathway specifically activates Otx2 transcription and represses the expression of Xbra and Xwnt-11 in the early gastrula. We provide further evidence that this effect is mediated by Otx2. Conversely, inhibition of IGF signaling or Otx2 function induces Xbra expression and convergent extension. In addition, activation of the non-canonical Wnt-11/JNK pathway through overexpression of Xwnt-11 or a constitutively active JNK1 rescues the inhibitory effects of IGF pathway and Otx2 on convergent extension. These analyses reveal therefore an antagonistic signaling mechanism between IGF and the non-canonical Wnt-11/JNK pathways in morphogenetic movements, which may play an important role in the patterning of vertebrate embryo.
Results

IGF, but not other pathways, specifically induces Otx2 expression at early gastrula stage
Several recent studies have shown that IGF signaling induces the expression of anterior neurectodermal markers and promotes head development (Pera et al., 2001; RichardParpaillon et al., 2002; Eivers et al., 2004) , it also blocks the elongation of activin-treated explants. These phenotypes are very similar to those previously described for Otx2 (Pannese et al., 1995; Andreazzoli et al., 1997; Morgan et al., 1999) . Thus, we decided to further analyse the activity of IGF signaling during gastrulation to see if there is a relationship between IGF pathway and Otx2 in convergent extension. Since IGF was shown to inhibit Wnt/ß-catenin and BMP signaling (Pera et al., 2001; 2003; Richard-Parpaillon et al., 2002) , we first examined, at early gastrula stage, gene expression profile induced by IGF signaling in comparison with activator (Xwnt-1), inhibitor (Xdkk-1) of the Wnt/bcatenin pathway, inhibitor of BMP pathway (chordin), or activin pathway that induces dorsal mesoderm. We injected IGF-I (200 pg), Xwnt-1 (1 pg), chordin (500 pg) or Xdkk-1 (50 pg) mRNAs in the animal pole of 2-cell stage embryos, animal cap explants from uninjected and injected embryos were dissected at early blastula stage and cultured to early gastrula stage (stage 10.5). Ectodermal explants were also treated with activin and cultured to the same stage. RT-PCR analysis showed that activin alone did not significantly induce Otx2 expression although it strongly induced the expression of other genes such as Xbra, chordin and Xwnt-8 (Fig. 1A) . No Otx2 expression was detected in explants expressing Xwnt-1, chordin or Xdkk-1, or both chordin and Xdkk1 (Fig. 1A) . However, the expression of Otx2 and N-CAM can be detected at neurula stage onward in explants expressing chordin and Xdkk1 as a result of neural induction (Fig. 1B) . This indicates that activin pathway and activation or inhibition of Wnt/b-catenin or BMP pathway are not able to activate the transcription of Otx2 gene at the early gastrula stage. By contrast, overexpression of IGF-I alone strongly induced Otx2 expression (Fig. 1A) . This observation extends previous results (Pera et al., 2001; RichardParpaillon et al., 2002) and reveals therefore a specific function of IGF pathway in Otx2 regulation at the early gastrula stage.
We next examined how IGF signaling regulates the expression of dorso-ventral genes in activin-treated explants, in comparison with Otx2. IGF-I (200 pg) or Otx2 (200 pg) mRNA was injected into the animal pole region and ectodermal explants at stage 8 were treated with activin. RT-PCR performed at stage 10.5 showed that IGF-I and Otx2 specifically blocked the induction of Xbra and Xwnt-11 by activin, while they had no effect on the expression of other genes like chordin, goosecoid and Xwnt-8 (Fig. 1C) . This indicates that IGF pathway and Otx2 have specific function to regulate the expression of only a subset of mesoderm genes, which include Xbra and Xwnt-11.
Specific inhibition of Xbra and Xwnt-11 expression by IGF-I and Otx2 in vivo
Since IGF pathway specifically induces Otx2 expression, and represses Xbra and Xwnt-11 expression in animal cap explants treated with activin, we compared the effects of IGF-I and Otx2 on Xbra and Xwnt-11 expression in whole embryos. Synthetic mRNAs for IGF-I and Otx2 were injected in the dorsal region at 4-cell stage, in situ hybridization analysis was then performed at the early and late gastrula stage. In control early gastrula, Xbra expression is localized to the entire marginal mesoderm ( Fig. 2A ; Smith et al., 1991) . IGF-I or Otx2 suppressed its expression at the site of injection, while the ventral and lateral expression domains were not affected (Fig. 2B,C) . This result is consistent with previous observation showing that the paired-type homeobox gene Otx2 suppresses the expression of Xbra (Latinkic et al., 1997) . As Xbra, Xwnt-11 is expressed in the marginal zone of early gastrula ( Fig. 2D ; Ku and Melton, 1993; Tada and Smith, 2000) . Dorsal injection of IGF-I or Otx2 mRNAs also strongly suppressed its expression (Fig. 2E,F) . In addition, coinjection of Lac Z mRNA as a cell lineage tracer indicates that Otx2 inhibited Xbra and Xwnt11 expression in a cell IGF pathway specifically activates Otx2 transcription. Synthetic mRNAs corresponding to Wnt-1, Dkk-1, chordin and IGF-I were injected near the animal pole region at 2-cell stage. Ectodermal explants from uninjected and injected embryos were dissected at blastula stage, explants from uninjected embryos were also treated with activin. RT-PCR was performed at early gastrula stage. Strong Otx2 expression was detected in explants expressing IGF-I, while activin, Wnt-1, chordin and Dkk-1 or a combination of chordin and Dkk1 had no effect on Otx2 expression. (B) Explants expressing indicated mRNA cultured to stage 25 express neural markers like Otx2 and N-CAM. (C) Specific inhibition of Xbra and Xwnt11 expression by IGF-I and Otx2 in activin-treated explants. IGF-I and Otx2 had no effect on the expression of chordin, goosecoid and Xwnt8 induced by activin. autonomous manner (Fig. 2C,F) . To see if overexpression of IGF-I or Otx2 results in a general repression of mesodermal genes, we examined the expression of chordin and Xnot, which are expressed in the dorsal mesoderm (Fig. 2G,J) . In situ hybridization revealed that their expression was not significantly affected by IGF-I or Otx2 (Fig. 2H,I ,K,L). This further shows that IGF pathway and Otx2 exhibit similar activity to inhibit the expression of Xbra and Xwnt-11. A similar result was obtained at late gastrula stage, which shows that both IGF-I and Otx2 inhibited the notochordal expression of Xbra (Fig. 2M -O) but they did not block the expression of Xnot (Fig. 2P-R) . However, the expression pattern of Xnot suggests that overexpression of IGF-I and Otx2 delayed gastrulation movements and the elongation of notochord.
To directly examine the effect of IGF-I and Otx2 on convergent extension in vivo, we injected Lac Z mRNA in the two dorso-animal blastomeres at 8-cell stage and ß-galactosidase (ß-gal) staining was performed at stage 11 and 14. In stage 11 gastrula injected with Lac Z mRNA alone, ß-gal staining can be detected in the dorsal region undergoing convergent extension and narrowing toward the dorsal blastopore (Fig. 3A) . In contrast, coinjection of Lac Z mRNA with IGF-I or Otx2 mRNA resulted in uniform ß-gal staining (Fig. 3B,C) . At early neurula stage, ß-gal staining can be observed as a narrowed strip in the trunk and posterior neural plate in embryo injected with Lac Z mRNA alone (Fig. 3D ,G), while coinjected embryos exhibited open blastopore and uniform ß-gal staining in the dorsal region ( Fig. 3E,F ,H). This shows that IGF-I and Otx2 block convergent extension both in dorsal mesoderm and neuroectoderm.
Otx2-VP16 and a dominant negative IGF receptor induce Xbra and Xwnt11 expression and convergent extension
If IGF signaling and Otx2 inhibits convergent extension through transcriptional repression of Xbra expression, conversion of Otx2 into an activated form or inhibition of IGF pathway should produce an opposite effect. To test this possibility, we made two fusion proteins in which the transcriptional regulatory domain of Otx2 was exchanged with the strong activator domain of VP16 protein (Otx2-VP16) or the repressor domain of Drosophila Engrailed (Otx2-EnR) to analyse the effects on Xbra expression and convergent extension. In addition, we also used a dominant negative IGF receptor (dnIGFR), which was shown to prevent IGF signaling (Pera et al., 2001) . Synthetic mRNA corresponding to Otx2-VP16 (10 pg), Otx2-EnR (10 pg) or dnIGFR (500 pg) was injected in the animal pole of 4-cell stage embryos. Animal cap explants from uninjected and injected embryos were dissected at blastula stage and cultured either to early gastrula stage for RT-PCR analysis or to late neurula stage for explant elongation assay. Interestingly, overexpression of Otx2-VP16 or dnIGFR, but not of Otx2-EnR, induced Xbra and Xwnt11 expression in animal cap explants (Fig. 4A) . This induction was similar to that in FGF-treated explants. When cultured to late neurula stage, uninjected or Otx2-EnR-injected explants remained rounded (Fig. 4B,F) . However, explants expressing Otx2-VP16 (Fig. 4C) or dnIGFR (Fig. 4D ) exhibited significant elongation. The extent of elongation was very similar in ectodermal explants treated with bFGF (Fig. 4E) . Consistent with these in vitro observation, dorsal injection of dnIGFR or Otx2-VP16 mRNA expanded the expression domain of Xwnt11 (Fig. 4G-I ). In addition, when dnIGFR or Otx2-VP16 mRNA was injected in the two dorsal animal blastomeres at 8-cell stage and 'Keller sandwich explant' was made by combining two dorsal explants at the early gastrula stage as described (Keller and Danilchik, 1988) , we found an enhanced elongation in combined explants expressing dnIGFR or Otx2-VP16 (Fig. 4J-L) . Taken together, these analyses strongly suggest that IGF-I and Otx2 function to block convergent extension through the transcriptional repression of Xbra and Xwnt-11.
Antisense Otx2 morpholino oligonucleotide partially rescues the effects of IGF-I and Otx2
To further address the question as for the relationship and specificity between IGF pathway and Otx2 in convergent extension, we dorsally co-injected IGF-I or Otx2 mRNA with antisense Otx2 morpholino oligonucleotide (Otx2Mo) and then examined the phenotypes of injected embryos at different stages (Table 1) . Single injection of IGF-I or Otx2 mRNA strongly blocked gastrulation movements, resulting in embryos with open blastopore at the end of gastrulation (Fig. 5A,B) . These embryos showed severe dorsal development defects and bent axis at late stages ( Fig. 5E,F ; Table 1 ). Co-injection of IGF-I or Otx2 mRNA with 10 ng of a control morpholino (CoMo) did not modify the inhibitory effect of IGF-I or Otx2 on gastrulation movements. In contrast, co-injection of 10 ng Otx2Mo with IGF-I or Otx2 mRNA partially rescued gastrulation defects ( Fig. 5C ) and dorsal development defects ( Fig. 5G ; Table 1 ). In addition, Otx2Mo also partially rescued IGF-I-and Otx2-inhibited elongation in activin-treated ectodermal explants (not shown). Western blot analysis showed that Otx2Mo indeed specifically blocked the translation of myctagged Otx2 (Fig. 5D ). In addition, it also partially rescued Xbra and Xwnt11 expression inhibited by overexpression of IGF-I and Otx2 in whole gastrula ( Fig. 5H-O ; Table 2 ). This partial rescue may be due to the presence of distinct Otx genes (Kablar et al., 1996; Vignali et al., 2000) and/or the induction of other Otx genes by IGF-I. Indeed, we found that Otx1, which also blocks convergent extension when dorsally overexpressed (Andreazzoli et al., 1997) , was induced by IGF-I in ectodermal explants (not shown). Nevertheless, this result further suggests that IGF pathway acts upstream of Otx2 to restrict Xbra and Xwnt-11 expression in trunk and posterior regions that undergo convergent extension.
2.5. Interaction between IGF and the non-canonical Wnt-11/JNK pathways in convergent extension movements Xwnt-11, which is a target of Xbra and activates the non-canonical Wnt-11/JNK pathway, is required for convergent extension during vertebrate gastrulation Heisenberg et al., 2000) . Since IGF pathway and Otx2 function upstream of Xbra and Xwnt-11, we assayed to rescue the effects of IGF-I and Otx2 on convergent extension movements by components of this pathway. We used Xbra, Xwnt-11 and a constitutively active form of JNK1 (caJNK1), which is composed of a JNKK2-JNK1 fusion protein (Zheng et al., 1999) . The assay was performed in vitro using ectodermal explants treated with activin, which induces extensive elongation of the treated explants (Fig. 6A) , while untreated or caJNK1-injected explants remain rounded (Fig. 6B,C) . Both IGF-I and Otx2 inhibited explant elongation induced by activin (Fig. 6D,J) . Coinjection of Xbra (300 pg) or Xwnt-11 (50 pg) mRNA with IGF-I mRNA or Otx2 mRNA reproducibly and significantly rescued explant elongation (Fig. 6E,F,K,L) . This result is consistent with the observation that IGF pathway and Otx2 block gastrulation by repressing Xbra and Xwnt-11 transcription (Figs. 1 and  2 ). We noticed that higher amount of Xwnt-11 mRNA did not rescue explant elongation (not shown), this likely reflects the characteristics of Wnt/JNK pathway, which affects cell polarity following either loss-or gain-offunction (Djiane et al., 2000) . As expected, coinjection of 500 pg caJNK1 mRNA rescued explant elongation blocked by IGF-I, Otx2 or Otx2-EnR to a similar extent as Xwnt-11 (Fig. 6G,M-O) . Therefore, we conclude that IGF pathway exerts its effect by preventing activation of the noncanonical Wnt-11/JNK pathway through repression, possibly indirectly, of Xwnt-11 transcription. Consistent with this, we showed that caJNK1 also efficiently rescued explant elongation blocked by a dominant negative Dsh mutant (Fig. 6H,I ), further confirming that IGF-I and Otx2 are indeed blocking activation of Wnt/JNK pathway through repression of Xbra expression. RT-PCR analysis of the expression of early dorsoventral mesodermal markers was performed using activin-treated ectodermal explants previously injected with various mRNAs. The result indicated that Xwnt-11 or ca JNK1 does not rescue Xbra and Xwnt11 expression repressed by IGF-I and Otx2 (Fig. 7) , suggesting that they rescue convergent extension but have no effect on gene expression.
IGF and Otx2 potently block convergent extension in neuroectoderm
Since convergent extension occurs both in the dorsal mesoderm and in neuroectoderm, we further targeted IGF-I and Otx2 in these tissues. Lac Z mRNA was coinjected with IGF-I or Otx2 mRNA either in the animal pole region or in the equatorial region of the two dorso-animal blastomeres at 8-cell stage. When 'Keller sandwich explants' were cultured to late neurula stage, control explants stained with ß-gal principally in the neuroectoderm showed extensive elongation both in the neuroectoderm and in the mesoderm (Fig. 8A) . However, explants expressing IGF-I or Otx2 exhibited strongly reduced elongation in both tissues (Fig. 8B,C) . Although we cannot exclude the possibility of the presence of IGF-I or Otx2 in the mesodermal tissues, this result is consistent with previous observation showing that targeting a dominant negative dishevelled mutant in the neuroectoderm also blocked convergent extension in the mesoderm, and convergent extension in both tissues may be mutually dependent . Targeting IGF-I in the mesoderm blocked convergent extension in neuroectoderm and mesoderm to a lesser extent, while targeting Otx2 in the mesoderm more potently blocked mesoderm elongation (Fig. 8D-F) . As in activin-treated explants, the effect of Otx2 on convergent extension of neuroectoderm could be rescued by caJNK1 in 'Keller sandwich explants' (Fig. 8G) . Conversely, coinjection of Otx2Mo (20 ng) with Lac Z mRNA in the dorso-animal blastomeres at 8-cell stage resulted in a ventral expansion of ß-gal-stained cells (Fig. 8H,I ) and anterior deficiency (Fig. 8J,K) . In addition, as Otx2VP16 and dnIGFR, injection of Otx2Mo enhanced elongation in 'Keller sandwich explants' (not shown). Since Xwnt11 is not expressed in the anterior region at neurula stages, to see if Otx2 may inhibit the expression of other Wnts of the noncanonical pathway, activin-treated ectodermal explants were cultured to early neurula stage. RT-PCR analysis indicated that both Otx2 and IGF-I were able to inhibit the expression of Xwnt5A (Fig. 8L) . These results further suggest that Otx2 function to prevent convergent extension.
Discussion
This study show that IGF pathway interacts with the noncanonical Wnt-11/JNK pathway to modulate neural and mesodermal convergent extension movements during gastrulation. We first show that IGF pathway specifically induces Otx2 expression, which in turn represses Xbra and Xwnt-11 transcription in the head mesoderm, this provides a mechanism to restrict the expression of Xbra and Xwnt-11 in the trunk and posterior regions. Consistent with this, inhibition of IGF pathway and Otx2 function induces Xbra and Xwnt11 expression and convergent extension. We further demonstrate that components of the non-canonical Wnt-11/JNK pathway rescue convergent extension blocked by IGF and Otx2, thus providing evidence of an antagonistic signaling between IGF and the non-canonical Wnt-11/JNK pathways in regulating gastrulation movements and anteroposterior patterning in vertebrates. Fig. 3E , F and 5F. The results were expressed as percentage, except n, which refers to total embryos scored from three independent experiments. Richard-Parpaillon et al., 2002; Eivers et al., 2004) . In addition, IGF pathway also inhibits convergent extension movements. These activities closely resemble those previously reported for Otx2 (Pannese et al., 1995; Andreazzoli et al., 1997; Kenyon et al., 2001) . Our results clearly show that IGF pathway specifically activates Otx2 transcription in the early gastrula. It is also noteworthy that the activity of IGF to induce Otx2 expression is not shared by other signaling pathways. Although IGF signaling inhibits Wnt/ß-catenin and BMP signaling (Pera et al., 2001 (Pera et al., , 2003 Richard-Parpaillon et al., 2002) , we found that Xdkk-1, a potent extracellular Wnt antagonist (Glinka et al., 1998) , either alone or in combination with chordin, did not induce Otx2 expression at the early gastrula stage. This raises the possibility that the induction of Otx2 expression by IGF signaling may be independent of its activity to inhibit Wnt/ 60 (22) 72 (29) Embryos were dorsally injected with indicated mRNA and cultured to stage 11 for in situ hybridization analysis of Xbra and Xwnt11 expression. The results are expressed as percentages of embryos with normal Xbra and Xwnt11 expression pattern in the entire marginal zone. Numbers in brackets refer to total embryos analysed. b-catenin or BMP signaling. The induction of Otx2 by Xdkk1 at neurula stage (Glinka et al., 1998) may be a consequence of anterior neural induction through inhibition of Wnt/ß-catenin signalling. Thus, these observations further highlight the specificity and importance of IGF pathway in regulating Otx2 expression.
IGF pathway and Otx2 prevents Xbra and Xwnt11 expression and convergent extension
The Xbra promoter is suppressed by paired-type homeodomain proteins such as Otx2 (Latinkic et al., 1997) . We further extended this result by showing that IGF pathway and Otx2 inhibit Xbra and Xwnt11 expression in vitro and in vivo. Conversely, inhibition of IGF signalling or conversion of Otx2 into an activated form expanded the expression domains of Xbra and Xwnt11 in vivo, and induced their expression in ectodermal explants at the early gastrula stage. This is consistent with the observation that inhibition of IGF signaling produced anterior deficiency (Pera et al., 2001; Richard-Parpaillon et al., 2002) . This phenotype may likely, at least in part, result from an inappropriate expression of Xbra in the dorso-anterior mesoderm following inhibition of IGF signaling. Previous study of IGF lack of function in zebrafish embryo revealed a Fig. 7 . Xwnt11 and caJNK1 do not modify gene expression in activintreated explants expressing IGF-I, Otx2 or Otx2-EnR. Embryos at 4-cell stage were injected with indicated mRNA at the animal pole region and ectodermal explants were dissected at stage 8. They were treated with activin and cultured to stage 10.5 for RT-PCR analysis. Notice that caJNK1 does not induce the expression of mesoderm markers, and that expression of Xbra, Xwnt11, chordin and Xwnt8 was not modified by caJNK1 and Xwnt11 in activin-treated explants expressing IGF-I, Otx2 or Otx2-EnR. decreased ntl expression in the notochord (Eivers et al., 2004) . This may be due to the stage difference between the two studies. Although we can not exclude the possibility that overexpression of the activated form of Otx2 or dnIGFR may also affect notochord development at later stages, the induction of Xbra expression by dnIGFR observed in this study is consistent with the result showing that IGF-I inhibits Xbra expression in whole embryo (this study) and in ventral marginal zone explants (Pera et al., 2001) . Thus, it is likely that IGF-I and Otx2 inhibit convergent extension through repression of Xbra in the head region.
Otx2 mediates the effect of IGF pathway to regulate gastrulation movements
We have provided further evidence that Otx2 acts downstream of IGF pathway to regulate convergent extension. Otx2 antisense morpholino oligonucleotide that prevents the translation of Otx2 mRNA partially rescued Xbra expression and gastrulation movements blocked by overexpression of IGF-I. The partial rescue is likely due to the presence of multiple distinct Otx genes in Xenopus. For example, Xenopus Otx1, Otx2, Otx4 and Otx5b are expressed in early embryo (Kablar et al., 1996; Vignali et al., 2000) . At least Otx1 and Otx2 have been shown to block convergent extension movements when overexpressed (Andreazzoli et al., 1997) . It is likely that IGF signaling also induces the expression of other Otx genes. Indeed, we found that Otx1 expression was also induced by IGF-I in animal cap explants (data not shown). This study revealed a regulatory cascade, which modulates convergent extension. This regulatory cascade has important implication in anteroposterior patterning during early development. Otx2 is specifically expressed in presumptive head region that does not undergo convergent extension movements during gastrulation (Pannese et al., 1995; Blitz and Cho, 1995) . Besides its function in cement gland induction (Gammill and Sive, 1997) , Otx2 also excludes cells that express it from undergoing convergent extension movements (Pannese et al., 1995) . It may also exert this function through the direct activation of calponin, an actin-binding protein that can inhibit the Mg-ATPase activity of myosin (Morgan et al., 1999) , but this may represent an alternative mechanism independently of the inhibition of Xbra and Xwnt-11 expression. Thus, IGF pathway activates Otx2 expression, which in turn represses the expression of Xbra and Xwnt-11 in the head region.
3.4. A mutually antagonism between IGF and non-canonical Wnt-11/JNK pathways modulates convergent extension movements Xwnt-11 is required for convergent extension movements during vertebrate gastrulation Heisenberg et al., 2000) . It likely regulates the function of small GTPases of the Rho family and activates the noncanonical JNK pathway (Djiane et al., 2000; Habas et al., 2001; 2003; Choi and Han, 2002; Yamanaka et al., 2002; Marlow et al., 2002) . We have demonstrated that IGF signaling inhibits convergent extension movements by blocking activation of this pathway through transcriptional repression of Xbra and Xwnt-11. Indeed, both Xwnt-11 and a constitutively active form of JNK were able to rescue the effects of IGF-I and Otx2 on convergent extension. This observation provides further evidence for an implication of Wnt-11/JNK pathway during gastrulation in vertebrates. It is consistent with several recent studies, which show that this pathway may be involved in convergent extension (Kinoshita et al., 2003; Sasai et al., 2004) , and is supported by previous observation showing that a dominant negative JNK mutant rescues elongation of activin-treated explants overexpressing Xwnt5A (Yamanaka et al., 2002) . It also reveals a mutually antagonistic signaling mechanism that is essential for the proper development of different regions of the embryo. Convergent extension movements, which require an intact Xwnt-11 signaling pathway, are active in trunk and posterior regions and are essential for the elongation of anteroposterior axis. However, IGF pathway, by blocking the activation of Wnt-11/JNK pathway via transcriptional activation of Otx2, plays an important role for head development. More recently, it was reported that Xbra functions to inhibit head mesendoderm cell migration and to promote convergent extension of chordomesoderm (Kwan and Kirschner, 2003) . Together, our analyses demonstrate that one of the functions of Otx2 during head development is to prevent the activation of the noncanonical Wnt pathway.
Implication in normal development
Transcriptional repression plays an important role in the restriction of Xbra expression in the mesoderm. Other mechanism has been shown to exert this function. XSIP1, a Smad-inducible zinc finger/homeodomain-like DNA-binding protein was shown to repress Xbra expression and is involved in anterior development (Verschueren et al., 1999; Lerchner et al., 2000; Papin et al., 2002) . Interestingly enough, it was shown recently that IGF signaling promotes neural induction through regulation of Smad1 phosphorylation (Pera et al., 2003) . It is thus of interest to determine the relationship between XSIP1 and IGF signaling in the repression of Xbra expression.
Convergent extension movements also occur in neuroectoderm of presumptive hindbrain and spinal cord, and the non-canonical Wnt pathway is required in this process Harland, 2001, 2002) . However, it is not required for neural fold elevation and its medial movement (Wallingford and Harland, 2002) . We showed that, in 'Keller sandwich explants', overexpression of both IGF-I and Otx2 could block neural convergent extension. This may reflect their function in normal development. As discussed above, both IGF-I and Otx2 are expressed in the anterior region during early development, and several components of the non-canonical Wnt pathway, such as Wnt5A, are expressed in the anterior region of the gastrula (Moon et al., 1993) . IGF-I and Otx2 may thus prevent activation of JNK pathway in the head region. Indeed, we found that the expression of Xwnt5A was also inhibited by IGF-I and Otx2 in activin-treated explants at neurula stage.
In summary, our study shows that IGF pathway, by specifically activating Otx2 expression, may function to restrict the expression of Xbra and Xwnt-11 in the trunk and posterior regions and to prevent activation of Wnt-11/JNK pathway in the head region. This antagonistic signaling between IGF and Wnt-11/JNK pathway plays an important role in anteroposterior patterning and axis elongation during vertebrate development.
Experimental procedures
Xenopus embryos, microinjection and tissue explants
Xenopus eggs were obtained from females injected with 500 IU of human chorionic gonadotropin (Sigma), and artificially fertilized with minced testis. Eggs were dejellied with 2% cysteine hydrochloride (pH 7.8) and kept in 0.1! modified Barth solution (MBS) for further manipulations. Synthetic capped mRNA was made by in vitro transcription as described (Djiane et al., 2000) . Embryos were injected at the 4-cell stage in 0.1! MBS containing 3% Ficoll-400. After injections, embryos were kept in 3% Ficoll-400 solution for 3 h and then cultured in 0.1! MBS until they reached appropriate stages. Mesoderm induction assay of animal cap explants from control and injected embryos were dissected at stage 8-9 (Nieuwkoop and Faber, 1967) and treated with 50 ng/ml bFGF (R&D system) or 10 U/ml activin (provided by Dr J. Smith) in 1! MBS. They were cultured to stage 11 for RT-PCR analysis of gene expression, or to stage 20 for analysis of explant elongation. Dorsal marginal zone explants were made according to Keller and Danilchik (1988) .
Plasmid constructs and morpholino oligonucleotides
The IGF-I cDNA tagged with a Flag epitope to its C-terminal region was obtained by PCR amplification according to published sequence (Pera et al., 2001 ) using the following primers: 5 0 -GATAGATCTCCTCAGAAGC-CATGG-3 0 and 5 0 -AAATCGATGCATTCGGAATCCTC-GACT-3 0 with an Bgl II and Cla I site (underlined), respectively. The PCR product was cloned in the pCS2 vector (Turner and Weintraub, 1994) that was previously introduced with a Flag epitope. pSP64T-Xwnt-1 was obtained by PCR and pCS2-Xwnt-11 was described previously (Djiane et al., 2000) . pCS2-Xdkk1 (Glinka et al., 1998) was provided by Dr C. Niehrs. pCS2-dnIGFR and pSP35T-chordin were from Dr E. De Robertis and pCS2MT-Xdd1 was from Dr S.Y. Sokol. A constitutively active form of JNK1 (caJNK1) composed of a JNKK2-JNK1 fusion protein (Zheng et al., 1999) was provided by Dr A. Lin and was subcloned in the Bam HI and Xho I sites of pCS2 vector. To generate Otx2-VP16 and Otx2-EnR, Otx2 sequence coding for the homeodomain was PCR amplified using sense primer 5 0 -ACCCTCGAGCATGATGTCTTATCT-CAAG-3 0 with a Xho I site (underlined) and antisense primers for Otx2-VP16 5 0 -ACAGGAGAGATCTTCTTCT-TAGAAGG-3 0 with a Bgl II site (underlined) or for Otx2-EnR 5 0 -TGGGAATTCTAACAGGAGAGGTCTTC-3 0 with an Eco RI site (underlined). The PCR products were cloned into XhoI/Bgl II or XhoI/Eco RI sites of pCS2 vector harbouring the VP16 or Drosophila Engrailed cDNA to obtain Otx2-VP16 or Otx2-EnR, respectively. The Xenopus Otx2 antisense morpholino oligonucleotide 5 0 -GGTTGCTTGAGATAAGACATCATGC-3 0 and the standard control morpholino oligonucleotide were from Gene Tools and resuspended in sterile water. The myc-tagged full-length Xenopus Otx2 was PCR-amplified using sense primer (5 0 -GCAGGATCCGTTTCTGTCCACTTG-3 0 ) further upstream of the morpholino oligonucleotide and antisens primer (5 0 -AATATCGATACAAAACCTG-GAATTTCC-3 0 ) including an Bam HI and Cla I site (underlined), respectively. The PCR product was then digested and cloned into the corresponding sites of the pCS2MT vector (Turner and Weintraub, 1994) in frame with the 6 myc epitope. Lac Z mRNA was injected as a cell lineage tracer and ß-galactosidase staining was performed as described (Vize et al., 1991) using either red-gal or X-gal as substrates.
Protein analysis
Blastula stage embryos were extracted in lysis buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1% aprotinin, 0.1% leupeptin and 2 mM PMSF). Supernatants were collected after centrifugation and mixed with 2!loading buffer for electrophoresis on SDS-PAGE gels. Immunoblotting was performed using 9E10 anti-myc (Santa Cruz) and a-tubulin (Immunologicals Direct) antibodies and the ECL chemiluminescence kit (Amersham Biosciences).
In situ hybridization and RT-PCR
Whole-mount in situ hybridization was performed according to standard protocol (Harland, 1991) . Probes for Xnot, chordin, and Xbra were described previously (Djiane et al., 2000) . Probe for Xwnt-11 was transcribed from the pCS2 expression vector by T3 polymerase. For RT-PCR, RNA samples were treated with RNAse-free DNAse I (Roche) and were reverse-transcribed using 200 units SuperScript (Life Technologies). PCR primers are the following: Otx2 (5 0 -GGATGGATTTGTTGCAC-CAGT-3 0 and 5 0 -CACTCTCCGAGCTCACTTCTC-3 0 ), Xwnt-11 (5 0 -CAATGGCTCCGACCCGTCAC-3 0 and 5 0 -TTACTTGCAGACATACCTCT-3 0 ), Siamois (5 0 -AAG-GAACCCCACCAGGATAA-3 0 and 5 0 -TACTGGTGGC-TGGAGAAATA-3 0 ), Goosecoid (5 0 -ACAACTGGA-AGCACTGGA-3 0 and 5 0 -TCTTATTCCAGAGGAACC-3 0 ), Xwnt5A (5 0 -CCATGAGAAAGAATCTGTG-3 0 and 5 0 -GAGTTCTACTTGCATGCA-3 0 ). Primers for Xbra, Xwnt-8, chordin, XMyoD and ornithine decarboxylase (ODC) were as described (Djiane et al., 2000; Shi et al., 2002) .
